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There are presently no accurate methods of imaging prostate
cancer metastases to bone. An unprecedented number of novel
imaging agents, based on the biology of the disease, are now
available for testing. We reviewed contemporary molecular
imaging modalities that have been tested in humans with meta-
static prostate cancer, with consideration of the studies’ adher-
ence to current prostate cancer clinical trial designs. Articles
from the years 2002 to 2008 on PET using '8F-FDG, ''C-choline,
18F-choline, '8F-flouride, ''C-acetate, ''C-methionine, and
18F-fluoro-5a-dihydrotestosterone in patients with metastatic
prostate cancer were reviewed. Although these studies are en-
couraging, most focus on the rising population with prostate-
specific antigen, and many involve small numbers of patients
and do not adhere to consensus criteria for clinical trial designs
in prostate cancer. Hence, although many promising agents
are available for testing, such studies would benefit from closer
collaboration between those in the fields of medical oncology
and nuclear medicine.
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In the past several decades, understanding of the molec-
ular biology of prostate cancer has expanded, particularly
related to growth despite androgen-reducing agents and the
transformation from a tumor cell dependent on prostate
stroma to one that participates in bone metabolism (/,2).
The identification of biologic targets not only has led to
the introduction of novel therapies for prostate cancer but
also has opened up new possibilities for imaging the dis-
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ease. These biologic targets can be used to characterize
underlying molecular biology of the tumor at a lesional
level, assess the pharmacodynamics of targeted therapy,
and assess clinical responses.

Such new imaging modalities are sorely needed for
prostate cancer patients, particularly those with metastatic
disease. Between 80% and 90% of prostate cancer patients
with metastatic disease have involvement of the axial
skeleton (3-6). Although contemporary data show an
increasing proportion of soft-tissue lesions in prostate
cancer patients with metastatic disease (4,5), bone metas-
tases still continue to represent the predominant manifes-
tation for most patients and the primary cause of morbidity
and mortality. However, bone metastases are considered
nonmeasurable by the Response Evaluation Criteria in
Solid Tumors. The lack of accurate imaging modalities to
directly, reproducibly, and effectively delineate bone me-
tastases limits the clinical management of prostate cancer
patients and the advancement of new therapies.

It is difficult to introduce and test any new agent in
prostate cancer—whether it is a therapeutic drug or a novel
tracer—because there is no gold standard imaging modality
that can establish whether a drug is having an effect on the
cancer, whether a tracer is actually detecting disease, or
whether there has been a change in disease. As a result,
designing clinical trials for prostate cancer is uniquely
challenging (7,8). In addition to the difficulty of imaging
prostate cancer, the disease itself has a heterogeneous
clinical course, as do its patients, who face significant
noncancer-related morbidities as well.

Faced with these challenges, the field has adopted a clinical-
states framework for organizing the natural history of disease
(Fig. 1). The model highlights the objectives of the interven-
tion rather than the treatment itself. In addition, unlike tradi-
tional staging schema based on primary tumor characteristics,
nodal status, and metastatic involvement at diagnosis, the
model is not fixed but describes the entire disease course.

Leaders in prostate cancer clinical trials have developed
state-specific consensus criteria for clinical trials, from
eligibility criteria to outcome measures (9-17). These
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FIGURE 1. Clinical-states model of prostate cancer develop-
ment and progression to define therapeutic objectives and to
assess outcomes (71,417).

criteria, particularly for patients with metastatic disease,
serve as guideposts for clinical trial design in order to
optimize the likelihood of advancing active agents and
abandoning those that fail to meet a predefined level of
activity. These criteria represent the present yardstick by
which trials are assessed in terms of having a well-defined
question, a patient population that is controlled to answer
that question, a statistical foundation that ensures that the
answer 1is reliable, an intervention driven by the question,
and outcome measures that indicate whether the interven-
tion was effective. However, despite a burgeoning array of
novel tracers and imaging agents, the approach to imaging
studies has not similarly evolved.

This article reviews the field of nuclear imaging for
prostate cancer as it stands today, examining the crucial
design issues that define whether the modality, population,
statistics, and endpoints support the data. Articles were
identified by searching PubMed using the names of the
individual tracers and “prostate cancer” as keywords. Arti-
cles with either little or no human experience or that were
older than 6 y were excluded. In addition, for the sake of
maintaining simplicity we omitted studies that were primar-
ily duplicative of others. Of the articles examined, 18
contemporary studies were identified, involving 658 pa-
tients. One focused on initial staging, 8 focused on the
population with castration-sensitive rising prostate-specific
antigen (PSA), 1 on the castration-sensitive metastatic pop-
ulation, 2 on the castration-resistant metastatic population,
and 6 on mixed populations. Fifteen were prospective, and 3
were retrospective. Seven trials had 20 or fewer patients.

THE CLINICAL-STATES MODEL AND IMAGING

The clinical-states model of prostate cancer, shown in
Figure 1, provides a unified framework for categorizing
prostate cancer patients throughout the course of the dis-
ease. These states include several categories of patients:
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¢ those who have not yet been diagnosed with cancer but
are at risk for it;

e those who have localized disease;

e those who have progressed after either surgery or
radiation therapy and have rising PSA but no radio-
graphic evidence of metastatic disease (rising PSA);

¢ those who have radiographically evident disease that is
not resistant to medical or surgical castration (non-
castration metastatic); and

e those who have metastatic disease that progresses
despite castration (castration-resistant metastatic).

Although the clinical-states model is most frequently
applied to therapeutic studies, it segregates patients into
discrete populations for all avenues of investigation, whether
the intervention is a drug, tracer, or biomarker. For imaging
studies, the states define the objective of the imaging modal-
ity (Table 1). For patients with no cancer, the aim of an
imaging modality is to distinguish cancer from benign
tissue in either justifying a biopsy or estimating the risk
that cancer will develop. For patients with localized
disease, imaging can identify the extent of disease and
can allow prognostication based on either disease distri-
bution or the presence of biologic features that PET
tracers (for example) may query. For patients (whether
castrate or noncastrate) with a rising PSA, the aim is to
distinguish whether disease is present in the treated
prostate gland or bed or whether metastatic disease is
present. For patients with metastatic disease, the aim of
the study is to determine, first, whether patients can be
selected for a particular therapy on the basis of the under-
lying biology or whether the presence of certain pathways
can predict outcomes; second, to determine the pretreat-
ment extent of disease; and third, to follow posttreatment
effects from therapy.

TABLE 1
Goals of Imaging Modalities by Clinical State
in Prostate Cancer

Clinical state Imaging objective

Initial prostate
evaluation (no
cancer diagnosis)

Clinically localized

Distinguish cancer from
benign tissue

Identify extent of both localized

disease and metastatic disease
Prognosticate
Identify treatment effects
Rising PSA Identify extent of both localized

and metastatic disease to
guide therapy

Determine extent of metastatic
disease

Assess treatment response

Identify patients with a
particular biologic profile

Prognosticate

Determine pharmacodynamics
of targeted therapy

(castration-sensitive
and -resistant)

Clinical metastases
(castration-sensitive
and -resistant)
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CONVENTIONAL SINGLE-PHOTON IMAGING

Bone Scintigraphy

In prostate cancer, the most common site of metastatic
disease is bone. The traditional imaging study used to
image metastatic disease is the radionuclide bone scan.
Bone scintigraphy uses **™Tc-labeled methylene diphospho-
nate that is incorporated into hydroxyapatite, the principal
component of bone cortex. However this is a nonspecific
agent. Although sites of disease can be detected with high
sensitivity, scintigraphy does not allow for direct visualiza-
tion of tumor, and therefore the size of a lesion seen on a
bone scan does not capture the dimensions of the cancer.
Anatomic changes may persist long after the viable tumor is
no longer present, therefore skewing the early assessment of
response to treatment. Also, the flare phenomenon can be
seen in up to 20% of patients (/2—7/4). Anatomic imaging
such as plain films and CT are similarly nonspecific and are
unable to measure true osseous disease and distinguish bone
healing from injury due to the presence of sclerosis.

A highly discriminating nomogram can be used to select
those patients for bone scanning who are at higher risk
and are more likely to show positive findings on the scan.
Omitting scans in low-risk patients could substantially re-
duce the number of scans ordered (/5). Although bone scin-
tigraphy is an imperfect, albeit traditional, method for bone
disease detection, it can capture objective clinical data with
new methodologies. The bone scan index is a reproducible
quantitation of active marrow involved with metastatic
disease as detected by bone scintigraphy (/6). The index
can be used to identify patients with distinct prognoses for
stratification in clinical trials. Posttreatment changes in
bone scan index results may also help predict for survival
17,18).

Targeting of Prostate-Specific Membrane Antigen
(PSMA)

ProstaScint (capromab pendetide; EUSA Pharma) con-
sists of an intact murine monoclonal antibody, 7E11-C5.3,
to which a linker chelator (GYK-DTPA-HCL) is bound,
labeled with '!'!'In. Molecules targeting PSMA hold the
potential of being both an imaging modality and a thera-
peutic agent. PSMA is expressed in almost all prostate
cancer cells, from primary to metastatic disease, and
appears to be maximally expressed after androgen with-
drawal (/9-22). PSMA has been used for several treatment
strategies, including those involving radioisotope and
chemo-conjugated antibodies (23-26). As imaging agents,
antibodies can localize to tumor and thereby distinguish
noncancer-related abnormalities from tumor-related. The
overall sensitivity and specificity of detecting disease using
capromab pendetide has varied in reported studies (27-31).
These studies demonstrated average sensitivities of 60%,
specificities of 70%, positive predictive values of 60%, and
negative predictive values of 70%. In a metaanalysis, !!'In-
labeled capromab pendetide studies in 2,154 patients from
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15 institutions were analyzed. The overall sensitivity for
detection of tumor in biopsy-proven primary carcinoma
was 80%. The sensitivities ranged from 75% to 99%
because of significant interreader variability. Ironically,
antibody imaging is limited by its ability to detect viable
disease. This may be related to the fact that the antibody
binds to the intracellular part of PSMA and hence detects
only necrotic tissue. J591, an antibody that detects the
extracellular domain of PSMA, has been studied. These
studies have demonstrated antibody localization to known
disease (24,33). However, this antibody has not been
extensively studied as an imaging agent.

PET

PET has the potential to be a noninvasive, functional
imaging test of choice for detecting new bone and soft-
tissue metastasis and for assessing new therapies.

Imaging Using 8F-FDG

I8F-FDG PET is the most studied physiologic tracer in
prostate cancer. Because uptake of '8F-FDG correlates with
PSA levels and PSA velocity, '3F-FDG PET may be used as a
measure of tumor metabolism or aggressiveness (34).
IBF_.FDG has low sensitivity in the primary staging of
prostate cancer and poor detection of abdominopelvic nodes
because of excretion of tracer in ureters, bladder, and bowel.

Various studies with '8F-FDG PET in patients with
metastatic prostate cancer suggest that it does not effec-
tively evaluate undetectable serum PSA but is more effec-
tive in staging metastatic prostate cancer in untreated
patients who have had an incomplete response to therapy
or a rising PSA level despite treatment (35,36). Assessment
of extracapsular and nodal involvement in the pelvis and
distant metastasis is also limited. In monitoring response to
therapy, '®F-FDG PET may be most useful in patients with
aggressive or hormone-refractory disease (35,37).

Although several studies are evaluating the use of
I8E-FDG in prostate cancer (38), this review focuses on 4
studies of prostate cancer patients as outlined in Table 2.
Two of these, by Chang et al. (39) and Schoder et al. (40),
are retrospective, whereas the studies of Morris et al.
(35,37) are prospective. The 2 retrospective trials focus
on patients in the clinical state of rising PSA.

Rising-PSA patients are defined by consensus as those
who have received definitive local therapy with radical
prostatectomy or radiation therapy or both but now have
rising PSA (41). By definition, these patients do not have
detectable metastatic disease on standard imaging modal-
ities. The rising-PSA population is an attractive subset of
patients to study in diagnostic imaging trials because they
represent a population that is potentially curable if man-
aged early. Unfortunately, because these patients have no
evidence of disease on routine imaging, there are no stan-
dard radiographic correlates by which to assess PET
findings.
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TABLE 2

Studies of '8F-FDG Radiologic Tracer in Metastatic Prostate Cancer

Purpose and

Author and year n Clinical state Study endpoint Statistical method Conclusion
Schoder et al. 91 Rising PSA Retrospective  Purpose: disease True-positive by True-positive, 31%
(40), 2005 detection (local, binary fashion (28/91)
nodal, metastatic)
Endpoints:
Histopathology
Decrease in PSA
after irradiation to
primary site
Lesions assessed
with CIM2
Follow-up CIM
Morris et al. 22 Metastatic Prospective Purpose: outcome Data analysis at PET and clinical
(87), 2005 castration- measure of treatment 0, 4, and 12 wk status correlated
resistant Endpoints: of treatment 4 wk, 91%
Lesions assessed Test of discordance 12 wk, 94%
with CIM2
New lesions on PET
Patient followed
until POD or death
Changes in SUV and
PSA with treatment
Chang et al. 24 Rising PSA Retrospective Purpose: disease Sensitivity, Sensitivity, 75%
(89), 2003 detection (nodal) specificity (12/16)
Endpoint: histopathology Specificity, 100%
Morris et al. 17 Metastatic Prospective Purpose: disease Lesion-based Bone lesion, 71%
(85), 2002 castration- detection (bone, soft matched-pair seen on both PET
sensitive tissue) data and BS

and -resistant

Endpoints:
Lesions assessed

Soft-tissue lesion,
39% seen on both

with CIM2

PET and CT/MRI

Follow-up CIM2

CIM = conventional imaging modality; POD = progression of disease; SUV = standardized uptake value; BS = bone scan.

Schoder et al. (40) examined prostate cancer patients
with rising PSA using '8F-FDG PET. Images were inter-
preted using the following standard of reference for veri-
fication: a positive biopsy result, a decrease in PSA after
irradiation to the primary site, the development of a
detectable lesion in the primary site as seen on follow-up
conventional imaging studies, and an increase in lesion size
as seen on follow-up imaging or concurrent other imaging
studies within 90 d of PET. '8F-FDG PET was true-positive
in 31%. However, the definition of “true-positive” in this
study was flawed. First, if a patient has a concurrent
standard imaging modality revealing the presence of distant
disease, then such a patient does not meet the definition of
one who is in the rising-PSA clinical state. Such patients
have outright metastatic disease. Also, a posttreatment PSA
decline after radiation does not preclude the possibility of
undetected metastatic disease and is not a validated end-
point for ruling out systemic disease or survival.

In a retrospective study, Chang et al. (39) selected
patients with rising PSA levels to detect metastatic pelvic
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lymph nodes after definitive local therapy with radical
prostatectomy or radiation therapy. Patients with rising
PSA had negative or equivocal results on bone scanning
and CT before enrollment. PET findings were correlated
with pathologic evaluation from a lymph node dissection,
the gold standard for disease confirmation. At the sites of
pathologically proven metastases, increased '8F-FDG up-
take suggestive of metastatic disease was found in 12 of 16
(75%) patients.

Morris et al. (35) first examined 17 patients with castration-
sensitive and -resistant metastatic disease and found that
I8F-FDG PET can discriminate active osseous disease from
scintigraphically quiescent lesions in patients with pro-
gressive metastatic prostate cancer. Morris et al. (37) then
studied the outcome measures of chemotherapy-treated
patients using '8F-FDG PET in castration-resistant disease
and compared these with posttreatment alterations in PSA
and standard imaging. Twenty-two patients undergoing
chemotherapy for castration-resistant metastatic prostate
cancer were studied. Changes in '8F-FDG PET standardized
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uptake value were compared with PSA and standard imag-
ing. After 4 wk of chemotherapy, PET and PSA were in
agreement in 86% of cases; in 91% of cases, '®*F-FDG PET
correctly identified progression. After 12 wk of therapy,
PET, PSA, and standard imaging were compared. In 94% of
cases, PET correctly identified the clinical status of the
patients. In a single imaging modality, '3F-FDG appeared
to capture the information usually found in the composite
endpoint of PSA, bone scintigraphy, and soft-tissue imag-
ing. These data require validation in a larger dataset but do
suggest that '3F-FDG PET, when studied prospectively in
well-defined clinical states and in controlled populations,
can be used to demonstrate treatment effects (37).

Radiolabeled Phospholipids

Choline is a component of the phosphatidylcholines, a
class of phospholipids and a major component of biologic
membranes. Malignant tumors show high proliferation and
increased metabolism of cell membrane components and,
accordingly, an increased uptake of choline (38). Prostate
cancer is associated with upregulated choline kinase activ-
ity and increased choline uptake. Choline can be labeled
with either ''C ('C-choline) or '8F (!8F-fluorocholine, or
FCH). Table 3 outlines recent studies that evaluated the
effectiveness of !'C-choline and '8F-FCH PET in patients
with prostate cancer (42—44).

In a prospective study, Scattoni et al. (43) assessed 25
patients with PSA relapse and no evidence of local or bone
metastases on conventional imaging who were imaged with
1C-choline PET/CT to identify isolated lymph node me-
tastases. All 25 patients then underwent extensive pelvic
lymph node dissection. ''C-choline PET/CT showed ab-
normal uptake in lymph nodes in 21 patients, and 19 of
these instances were confirmed by histopathology. By
comparison, CT or MRI revealed abnormal lymph nodes
in 12 patients, 8 cases of which were also apparent on PET/
CT, whereas the other 4 cases were false-positive findings
for which further structural imaging did not provide addi-
tional diagnostic value. This study demonstrates a relatively
low sensitivity of 64%, attributable to the inability of PET/
CT to detect microscopic foci of metastatic prostate cancer.

Rinnab et al. (44) retrospectively evaluated ''C-choline
PET/CT detection of nodal recurrence in 50 patients in the
presence of rising PSA. The overall sensitivity of PET/CT
was 95% based on pathologic evaluation. The study was
well designed but studied a small number of patients with
mixed treatment histories.

As with other tracers, more attention has been paid to
choline as an imaging agent for localized or nodal disease
rather than for bone metastases (42—47). Schiavina et al.
(45) has recently published a study on !'C-choline PET for
preoperative lymph-node staging in intermediate-risk and
high-risk prostate cancer and compared ''C-choline PET
with 2 currently used clinical staging nomograms. The
authors found, on a patient analysis, that the sensitivity and
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specificity of correctly recognized cases on PET/CT were
60.0% and 97.6%, respectively, whereas on a lesional
analysis, these numbers were 41.4% and 99.8%.

Two studies (Table 3) examined tracer '8F-FCH detec-
tion in local, nodal, and bony metastases (48—50). '®F-FCH
has the advantage of a half-life of 110 min, as opposed to
11C-choline, which has a half-life of only 20 min (5/-54).
Urinary excretion of '8F-FCH is comparatively higher than
that of ''C-choline, but overall imaging methods are similar
between different choline agents.

With 8F-FCH PET/CT, Cimitan et al. (50) examined
100 patients who had previously received treatment for
prostate cancer and had a rising, persistent increase in
serum PSA, suggestive of local or distant recurrence.
Fifty-eight patients with mixed castration-sensitive and
-resistant prostate cancer and with variable primary treat-
ment modalities were examined. True-positives were corre-
lated with rebiopsy or imaging studies such as CT, transrectal
ultrasonography, bone scanning, radiography of the skel-
eton, and MRI of the prostate, reflecting the fact that these
patients represented a variety of clinical states ranging
from rising PSA to metastatic disease. Also, 76% with
increased bone lesions in this study were under treatment
with hormone therapy. The effects of hormone therapy on
I8F-FCH uptake, especially in the skeleton, are of great
importance and still under investigation. In this study,
I8F_.FCH uptake in the skeleton appeared to be highly
predictive of bone metastases, but this finding should be
interpreted with caution in patients who are being treated
with hormone therapy (55).

Using '8F-FCH PET, Schmid et al. (49) studied 19
patients with prostate cancer: 10 with newly diagnosed
prostate cancer, 8 suspected of having recurrence with
rising PSA, and 1 with osseous metastasis on bone scans. A
histopathologic workup of 35 sampled lymph nodes from
the group with rising PSA and metastasis confirmed the
PET/CT findings in all patients. In the 8 patients with rising
PSA and the 1 patient with known metastatic disease, '3F-
FCH PET/CT findings were highly suggestive of local
recurrence, lymph node metastases, or bone involvement.

It is difficult to draw conclusions from this trial, because
the clinical states were highly variable in a small sample
size and because there was no formal statistical basis stated
for the desired endpoint.

Imaging of Osteoblastic Activity

I8F_fluoride is highly sensitive for detecting bone me-
tastases, and uptake in malignant bone lesions reflects the
increase in regional blood flow and bone turnover (56).
Table 4 shows 2 studies that tested '8F-fluoride in prostate
cancer patients. Even-Sapir et al. (48) compared planar
bone scintigraphy, bone scan SPECT, '®F-fluoride PET, and
18F-fluoride PET/CT in patients with either localized high-
risk or metastatic prostate cancer. The sensitivity and
specificity for detection of bone lesions was higher for
18F_fluoride PET/CT (100% and 100%, respectively) than
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TABLE 3
Studies of 1'C-Choline and '8F-FCH Radiologic Tracer in Prostate Cancer

Author Purpose and Statistical
and year n Tracer Clinical state Study endpoint method Conclusion
Rinnab et al. 50 'C-choline Rising PSA Retrospective  Purpose: disease Sensitivity, Overall
(70), 2007 detection (nodal) specificity sensitivity, 95%
Endpoint: (38/40)
histopathology Specificity, 40%
PSA < 2.5
Sensitivity, 91%
Specificity, 50%
Scattoni et al. 25 1C-choline  Rising PSA Prospective Purpose: disease Lesion-based  Sensitivity, 64%
(43), 2007 detection (nodal) analysis of  Specificity, 90%
Endpoint: sensitivity,
histopathology specificity
de Jong et al. 67 1C-choline Initial staging Prospective Purpose: disease Sensitivity, Sensitivity, 80%
(42), 2003 detection (nodal) specificity (12/15)
Endpoints: Specificity, 96%
Histopathology
Follow-up PSA
for1y
Cimitan et al. 100 '8F-FCH Rising PSA Prospective Purpose: disease Paired t test PET was true-
(50), 2006 detection (local, positive in
nodal, metastatic) 43/53
Endpoints:
Histopathology
Lesions
assessed with CIM
Follow-up
PET/CT
Schmid et al. 19 '8F-FCH Initial staging  Prospective Purpose: disease None Differentiation of
(49), 2005 Rising PSA detection (local, BPH from
Metastatic nodal, metastatic) cancerous
Endpoints: prostate
Lesions assessed lesions was not
with CIM possible
Histopathology

CIM = conventional imaging modality.

for planar bone scanning (70% and 57%, respectively) or
bone SPECT (92% and 82%, respectively). '8F-fluoride
PET/CT is a highly sensitive and specific modality for the
detection of bone metastases in patients with high-risk
prostate cancer.

Beheshti et al. (57) compared '8F-FCH and '8F-fluoride
imaging in the detection of prostate cancer in 38 men with
biopsy-proven prostate cancer of mixed stages, using CT
scan findings as a gold standard. Overall, in 321 lesions
evaluated, a relatively close agreement was found between
the 2 imaging modalities for detection of malignant bone
lesions. '3F-fluoride PET/CT demonstrated a higher sensi-
tivity than '3F-FCH PET/CT, but the difference was not
statistically significant. The sensitivity and specificity for
the detection of bone metastases was 81% and 93% for
18F-fluoride and 74% and 99% for '3F-FCH. '8F-fluoride
identified more lesions than '8F-FCH. The authors con-
cluded that '8F-FCH PET/CT may be superior for the early
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detection of metastatic bone disease, but in patients with
I8F_.FCH-negative suggestive sclerotic lesions, a second
bone-seeking agent (e.g., '®F-fluoride) is recommended.

Imaging of Fatty Acid Synthesis

It is postulated that metabolic activity in the tumor
occurs in a low-oxygen microenvironment, in association
with an increased lipid synthesis that accompanies rapid
cell growth (58). Prostate cancer itself is associated with an
increase in fatty acid synthesis and the overexpression of
fatty acid synthase (59). Therefore, a high concentration of
" C-acetate in primary and metastatic lesions has been seen
in prostate cancer (59,60). This tracer also has the benefit of
not being excreted by the kidneys, making it preferable to
BE-FDG for visualizing pelvic disease. In a preliminary
study by Kotzerke et al. (61), uptake of ''C-acetate and
" C-choline radiotracers in prostate cancer or its metastases
was nearly identical. Table 5 shows prospective studies of
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TABLE 4
Detection of Local, Nodal, and Bony Metastases in Prostate Cancer Using '8F-Fluoride Radiologic Tracer FCH

Author Purpose and Statistical
and year n Tracer Clinical state Study endpoint method Conclusion
Even-Sapir 44 '8F-fluoride Initial Prospective  Purpose: disease Sensitivity, PET:
et al. (48), staging (25) detection (bone) specificity Sensitivity, 100%
2006 Metastatic (19) Endpoints: Specificity, 62%
Lesions assessed PET/CT:
with CIM Sensitivity, 100%
Histopathology Specificity, 100%
Follow-up of CIM
Clinical follow-up
Beheshti 38 18F-FCH Initial Prospective  Purpose: disease Lesion-based  '8F-FCH:
et al,, (57) 18F-fluoride staging (17) detection (bone) sensitivity, Sensitivity, 74%
2008 Metastatic Endpoints: specificity Specificity, 99%
castration- Lesions assessed 18F-fluoride:

sensitive (21)

with CT (from
PET/CT)

Sensitivity, 81%
Specificity, 93%

CIM = conventional imaging modality.

Histopathology
Follow-up of
PET/CT

HC-acetate PET in patients with prostate cancer. All of
these studies examined patients who had completed defin-
itive local therapy, and the studies focused on the clinical
state of the rising-PSA population. The primary purpose of
these studies was to determine the ability of ''C-acetate
PET to detect local, nodal, and metastatic disease.

A study by Albrecht et al. (62) examined '!C-acetate
PET in order to investigate the diagnostic potential in early
detection of prostate cancer recurrence. Once again, these
represented a variety of patient populations. Thirty-two
prostate cancer patients with early evidence of relapse after
initial radiotherapy or radical surgery were examined. In
the radiotherapy group, PET showed local recurrences in 14
of 17 patients and 2 equivocal results. Distant disease was
observed in 6 patients, and an equivocal result was obtained
in 1. PET was positive in 5 of 6 patients with biopsy-proven
recurrences, and the result for the remaining patient was
equivocal. In the radical surgery group of 15 patients, visual
interpretation was positive for local recurrences in 5
patients and equivocal in 4. A PSA decrease after salvage
radiotherapy was used as an endpoint in 8 of 14 patients.
The PET findings for the 8 patients responding to radio-
therapy were positive in 3 and equivocal in 2.

Similarly, Sandblom et al. (63) studied !'C-acetate PET
in 20 patients who had undergone radical prostatectomy
and had an increasing PSA level measured on 2 consecutive
occasions. PET was compared with imaging techniques,
physical findings, and tissue rather than with a single well-
defined comparator. These included rectal examinations,
transrectal ultrasonography, anastomosis biopsies, and
imaging with CT or bone scanning. The findings were
similarly heterogeneous: pathologic uptake of acetate was
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seen in 15 (75%) of the 20 patients. In 8 of these patients, a
solitary lesion was found (7 in the prostatic fossa and 1 at
the regional lymph nodes). Multiple lesions were found in
the remaining 7. False-positive uptake was seen in 3 men
(15%). A host of non—prostate-related conditions was also
detected, ranging from lung cancer to esophagitis. The
authors do not report a correlation with standard studies or
whether patients were followed prospectively to establish
whether the false-positive findings were simply early de-
tection of disease. No formal statistics were applied in this
study.

Amino Acid Transport Imaging

Uptake of !!'C-labeled methionine is related to amino
acid transport and protein synthesis and may be related to
active tumor proliferation. Methionine is rapidly cleared
from the blood and is metabolized in both the liver and the
pancreas without renal excretion, making it more suitable
than '8F-FDG for imaging pelvic disease. Few studies using
1C-methionine have been conducted on prostate cancer
patients; two of these studies are shown in Table 6.

In an older study, from 2002, Nunez et al. (64) compared
this tracer with '8F-FDG in a population with metastatic
prostate cancer. The authors found that ''C-methionine was
more effective than '3F-FDG PET for detecting bone
metastasis in patients with prostate cancer. They evaluated
IBF.FDG and ''C-methionine PET in 12 patients with
newly diagnosed progressive metastatic cancer and com-
pared the scans with conventional imaging. The lesion
detection sensitivity for '3F-FDG PET was 48% (167/348),
and for !'C-methionine PET the sensitivity was 72% (251/
348), with conventional imaging used as the 100% refer-
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TABLE 5

11C-Acetate Tracers in Metastatic Prostate Cancer Patients with Rising PSA

Author Purpose and Statistical
and year n Tracer Clinical state Study endpoint method Conclusion
Sandblom 20 "C-acetate Rising PSA  Prospective Purpose: disease None Pathologic uptake,
et al. (63), detection (local, 75%
2006 nodal, metastatic)
Endpoints:
Lesions assessed with CIM
Histopathology
Wachter 50 ''C-acetate Rising PSA  Prospective Purpose: disease None Treatment influence,
et al. (71), detection (local, 28% (14/50)
2006 nodal, metastatic) with
retrospective
CT/MRI fusion
Endpoint: lesions assessed
with CIM-histopathology
Albrecht 32 11C-acetate Rising PSA  Prospective Purpose: disease detection Intercategory RT group: 5/6 PET +
et al. (62), (local, nodal, metastatic) variation biopsy-proven
2007 using early and late PET k-test RP group: 3/8 PET+
Endpoints: responding to RT
Histopathology

Decrease in PSA after

irradiation to primary site

Lesions assessed with CIM

CIM = conventional imaging modality; RT = radiotherapy; RP = radical prostatectomy.

ence. The authors hypothesized that the increased sensitiv-
ity of !'C-methionine over '8F-FDG PET resulted from
differences in tumor metabolism between patients, differ-
ences between metastases in the same patient, and a time-
dependent metabolic cascade in metastatic prostate cancer,
with initial uptake of ''C-methionine in dormant sites
followed by increased uptake of '8F-FDG during progres-
sion of the disease.

'C-methionine PET was also studied by Téth et al. (65)
in a rising-PSA population with negative findings on
repeated biopsies; the goal was to improve disease detec-
tion for prostate biopsies. The overall detection rate was
46.7% (7/15) in PET-positive patients; the scan was
performed only on the prostate region and excluded eval-
uation of distant disease.

Imaging of Androgen Receptor Expression
I8F_fluoro-5a-dihydrotestosterone (FDHT) is a radiola-
beled analog of dihydrotestosterone, the main androgen
receptor ligand. Even in the castrated state, the androgen
receptor is still highly functional and plays a major role in
tumor growth despite the absence of its ligand dihydrotes-
tosterone (/). Table 7 shows 2 studies that tested '8F-FDHT
in prostate cancer patients. An initial study of '8F-FDHT
and '8F-FDG in 7 patients with progressive castration-
resistant metastatic prostate cancer examined 59 lesions
seen on standard imaging studies. Ninety-seven percent of
these lesions were seen on '8F-FDG PET scans; 78% were
seen on 'SF-FDHT PET scans (66). Similar results were
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reported for a more recent study, in which '8F-FDHT PET
had a sensitivity of 63% and a lesion detection rate of 86%;
positive findings occurred in patients with higher PSA
levels and, consequently, more metastatic disease (67).
Imaging with '8F-FDHT appears promising in the detection
of viable tumors. '8F-FDHT also appears useful in evalu-
ating clinically progressive metastatic prostate cancer and
may be a promising agent in analyzing antigen receptors
and their impact on the clinical management of prostate
cancer. This agent may be sensitive for detecting tumor
response to treatment as well. '8F-FDHT is now being
investigated prospectively to assess therapeutic response in
patients with castration and metastatic disease receiving
antimicrotubule chemotherapy (68).

FUTURE MODALITIES

One future modality is imaging of amino acid trans-
port with anti-1-amino-3-'8F-fluorocyclobutane-1-carbox-
ylic acid (anti-'8F-FACBC). 8F-FACBC, initially developed
to image brain lesions, is a synthetic L-leucine analog that has
shown in vitro uptake within the DU-145 prostate carcinoma
cell line and orthotopically implanted prostate tumors in
nude rats (69). Compared with '8F-FDG, '8F-FACBC shows
no significant renal excretion. Schuster et al. (69) studied 15
patients with newly diagnosed and recurrent prostate carci-
noma. The presence or absence of disease was correctly
identified in 40 of 48 prostate sextants; pelvic nodal status
correlated in 7 of 9 patients, with higher uptake seen in
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TABLE 6
Clinical Trial Design with 1'C-Methionine Tracers in Metastatic Prostate Cancer

Author
and year n

Statistical
method

Purpose and

Tracer Clinical state Study endpoint Conclusion

Nunez et al. 12 1'C-methionine Metastatic Prospective Purpose: disease Lesion-based '8F-FDG sensitivity,
(64), 2002 and castration- detection (metastatic) sensitivity 48% (167/348)
18F-FDG sensitive and Endpoint: lesions Paired t-test 1'C-methionine
-resistant assessed with CIM sensitivity, 72.1%
(251/348)
Tothetal. 20 ''C-methionine Rising PSA Prospective Purpose: disease None Overall detection rate,
(65), 2005 (with repeated detection (local) for 46.7% (7/15)
negative prostate biopsy.
biopsies) Endpoints:
Lesions assessed
with CIM
Follow-up CIM

CIM = conventional imaging modality.

malignant than benign lymph nodes in both staging and
restaging. This novel tracer is being investigated for imaging
prostate carcinoma. More clinical trials with this agent are
planned.

CONCLUSION

An unprecedented number of tracers are now available
for study in prostate cancer, based on an expanding aware-
ness of the biologic complexity involved. These include
metabolic, apoptotic, angiogenic, and other pathways. '8F-
FDG has been studied the most and shows sensitivity in
detecting metastatic disease in soft tissue and bone, although
the study populations have been mixed. !'C-choline,
18F-FCH, and !'C-acetate have been studied mostly in the

early detection of prostate cancer. '3F-flouride offers the
potential for detection of bone metastasis, but more studies
are needed to evaluate this tracer further. '8F-FDHT and !8F-
FACBC are the newest imaging modalities under investiga-
tion; they show preliminary promise for the detection of
metastatic disease.

Although various imaging modalities based on nuclear
medicine technology are being explored, several common
themes emerge. First, most studies focus on the rising-
PSA population. This focus is understandable, given the
clinical challenge—to find the site of relapse in these
patients with rising PSA. However, this is a difficult niche
for new imaging modalities, because it is not known if
such techniques have any ability to detect bone, nodal, or

TABLE 7
Clinical Trial Design with '8F-FDHT Radiologic Tracer in Metastatic Prostate Cancer
Author Purpose and Statistical
and year n Tracer Clinical state Study endpoint method Conclusion
Dehdashti et al. 20 '8F-FDHT Metastatic Prospective Purpose: disease Lesion- and Patient sensitivity,
(67), 2005 disease detection (metastatic) patient-based 63% (12/19)
Endpoint: lesions sensitivity Lesion sensitivity,
assessed with CIM Paired t test 86% (24/28)
Nonparametric Decrease in tumor
Mann-Whitney 18F-FDHT uptake
test after flutamide
Larson et al. 7 '8F-FDHT Castration Prospective Purpose: disease Lesion-based 18F-FDHT PET
(66), 2004 and metastatic detection (metastatic) detection positive in 78%
18F-FDG Endpoint: lesions (46/59)
assessed with CIM 18F-FDG PET
positive in 97%
(57/59)

CIM = conventional imaging modality.

Decrease in tumor
18F-FDHT uptake
after testosterone
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local disease. It may well be easier to ascertain whether an
imaging modality detects a specific distribution of disease
in patients with metastatic disease rather than in the
rising-PSA population.

The second observation is that many of these studies,
although they focus on the rising-PSA population, do not
follow the definition set out in the consensus criteria. Rising-
PSA patients, by definition, are those who do not show
findings on standard imaging modalities (9—117). Therefore,
to have an endpoint of correlation with findings on standard
scans is paradoxic; by definition, these standard scans must
have negative results. To fit patients into the standard clinical-
states model, one must work backward from standard scans.
That is, the clinical state is defined by findings on bone
scintigraphy and CT. In addition, most of these studies
involve small numbers of patients and have so many sub-
groups and so many different endpoints that the numbers of
each patient type are disturbingly small and inconclusive.

Finally, it is important that studies use uniform assess-
ments performed at regular intervals, to allow comparisons
between studies. The same assessments—such as the in-
vestigational scan, standard CT scan, and standard bone
scan—should be followed longitudinally, so that lesions
seen on standard scans but not on PET scans can be verified
as either active cancer (false-negative) or benign changes
(true-negative). Positive PET findings not seen on standard
scans can be defined as either true lesions that emerge as
cancer on subsequent standard studies (true-positive) or as
false-positive findings.

When studied rigorously, these investigational agents
have the ability to transform drug development in prostate
cancer. Patients with a predefined biologic profile could be
identified. Scans could also be used to assess therapeutic
pharmacodynamics, staging, and prognostication. To prop-
erly develop such powerful tools, the nuclear medicine
community and the prostate cancer clinical trials commu-
nity are collaborating so that prostate cancer clinical trials
can make use of biologic imaging.
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